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Decreased wall shear stress in the common carotid artery of
patients with peripheral arterial disease or abdominal aortic
aneurysm: relation to blood rheology, vascular risk factors, and
intima-media thickness
Abstract
BACKGROUND: Wall shear stress, a local risk factor of atherosclerosis, is decreased in the common
carotid artery of patients with vascular risk factors. We evaluated wall shear stress in the common
carotid artery of patients with symptomatic peripheral arterial occlusive disease (PAD) and abdominal
aortic aneurysm (AAA). As blood viscosity is a determinant of wall shear stress, we further investigated
the impact of rheologic variables on wall shear stress in relation to vascular risk factors and
intima-media thickness. METHODS: High-resolution ultrasonography scans were used to study
intima-media thickness, internal diameter, and blood velocity in the common carotid artery of 31
patients with PAD, 36 patients with AAA, and 37 controls. Furthermore, major hemorheologic variables
and vascular risk factors were evaluated, and wall shear stress was calculated. RESULTS: Wall shear
stress was lower in patients with PAD (median [IQR], dynes/cm(2): 14.4 [10 to 19]) and with AAA
(12.1 [9 to 15]) than in healthy controls (20.6 [17 to 24]; P < .0001). Wall shear stress was inversely
related to red cell aggregation (P = .01), fibrinogen (P = .003), leucocyte count (P = .001), plasma
viscosity (P = .04), and intima-media thickness (P < .0001). Furthermore, wall shear stress was
negatively associated with age, smoking, and triglycerides, but positively correlated with high-density
lipoprotein cholesterol (all P < .001). When the influence of all these predictors were simultaneously
taken into account in a multiple regression model, only age (P < .0001), smoking (P = .005), and
triglycerides (P = .003) remained significantly associated with wall shear stress. CONCLUSIONS: This
is the first report, to our knowledge, showing that wall shear stress of the common carotid artery is
decreased in patients with symptomatic PAD and in patients with AAA. Rheologic variables are less
important in predicting wall shear stress than age, triglycerides, and smoking.
Decreased wall shear stress in the common carotid
artery of patients with peripheral arterial disease or
abdominal aortic aneurysm: Relation to blood
rheology, vascular risk factors, and
intima-media thickness
Silviana Spring, MD,a Bernd van der Loo, MD,a Elisabeth Krieger, MD,a Beatrice R. Amann-Vesti, MD,b
Valentin Rousson, PhD,a and Renate Koppensteiner, MD,a Zurich, Switzerland
Background:Wall shear stress, a local risk factor of atherosclerosis, is decreased in the common carotid artery of patients
with vascular risk factors. We evaluated wall shear stress in the common carotid artery of patients with symptomatic
peripheral arterial occlusive disease (PAD) and abdominal aortic aneurysm (AAA). As blood viscosity is a determinant of
wall shear stress, we further investigated the impact of rheologic variables on wall shear stress in relation to vascular risk
factors and intima-media thickness.
Methods:High-resolution ultrasonography scans were used to study intima-media thickness, internal diameter, and blood
velocity in the common carotid artery of 31 patients with PAD, 36 patients with AAA, and 37 controls. Furthermore,
major hemorheologic variables and vascular risk factors were evaluated, and wall shear stress was calculated.
Results: Wall shear stress was lower in patients with PAD (median [IQR], dynes/cm2: 14.4 [10 to 19]) and with AAA
(12.1 [9 to 15]) than in healthy controls (20.6 [17 to 24]; P < .0001). Wall shear stress was inversely related to red cell
aggregation (P  .01), fibrinogen (P  .003), leucocyte count (P  .001), plasma viscosity (P  .04), and intima-media
thickness (P< .0001). Furthermore, wall shear stress was negatively associated with age, smoking, and triglycerides, but
positively correlated with high-density lipoprotein cholesterol (all P < .001). When the influence of all these predictors
were simultaneously taken into account in a multiple regression model, only age (P < .0001), smoking (P  .005), and
triglycerides (P  .003) remained significantly associated with wall shear stress.
Conclusions: This is the first report, to our knowledge, showing that wall shear stress of the common carotid artery is
decreased in patients with symptomatic PAD and in patients with AAA. Rheologic variables are less important in
predicting wall shear stress than age, triglycerides, and smoking. (J Vasc Surg 2006;43:56-63.)Low wall shear stress (WSS) has been identified as a
local risk factor being involved in arterial remodeling and
atherogenesis.1-2 It has been shown that wall shear stress
in the common carotid artery (CCA) is decreased in
diabetic patients.3 Further, wall shear stress was signifi-
cantly lower in hypertensive patients than in normoten-
sive patients.4 Values of wall shear stress in the CCA of
patients with apparent manifestations of arterial disease
in the aorta or in the peripheral arteries are not available
so far.
It is known that WSS is inversely related to carotid
artery intima-media thickness (IMT) in healthy men and
in individuals at low risk for coronary heart disease.5-6
The IMT is an established indicator for early generalized
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56atherosclerosis7-8 and a risk predictor for cardiovascular
and cerebrovascular events.9-10 Furthermore, multiple
studies have shown a strong correlation between in-
creased IMT and the presence and severity of peripheral
arterial disease (PAD).11-12 IMT has also been demon-
strated to be increased in patients with AAA.13 AAA, in
turn, is strongly related to systemic atherosclerosis.14
The association between increased blood rheology fac-
tors, vascular risk factors, and atherosclerotic disease is well
established,15 as are the correlations between carotid artery
IMT and determinants of blood rheology.16-17 Mecha-
nisms by which blood viscosity and rheologic variables
contribute to atherosclerosis are not well understood to
date. A n adaptive response of the endothelium to me-
chanical injury caused by changes in blood rheology
might play a role.18 As blood viscosity is a determinant of
WSS and is used in the calculation formula, we hypoth-
esized that rheologic variables might play a major role in
determining WSS.
The aims of the present study, therefore, were to (1)
evaluate WSS in the CCA of patients with manifest arterial
disease, namely symptomatic PAD and aneurysmal disease,
and (2) explore the impact of rheologic variables onWSS in
relation to vascular risk factors and IMT.
nd co
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Patients. Patients who were referred to our hospital
because of symptomatic PAD or asymptomatic AAA were
eligible. Exclusion criteria were PAD clinical stage IV (Fon-
taine), inflammatory vascular disease (Buerger’s disease,
inflammatory aortic aneurysm), any inflammatory disease,
pregnancy, and a history of carotid thromboendarterec-
tomy, carotid stenting, or present stenosis of the CCA as
demonstrated by a duplex sonography scan. The protocol
was approved by the local ethics committee. Patients were
included after written informed consent had been ob-
tained.
Patient age, sex, body-mass index (BMI), and vascular
risk factors, including diabetes (fasting serum glucose
7mmol/L or use of oral antidiabetics or insulin), hyper-
lipidemia (use of lipid-lowering drugs or total cholesterol
5.17 mmol/L and/or triglycerides 2.26 mmol/L),
hypertension (systolic blood pressure 140 mm Hg, dia-
stolic blood pressure 90 mm Hg), and current smoking
were recorded, as was current medication. Coronary heart
disease was defined as a history of angina, acute coronary
syndrome, or myocardial infarction, and cerebrovascular
disease, as any history of transient ischemic attack or stroke.
The patient’s self-reported history was taken, followed
by a clinical examination (palpation of peripheral pulses,
auscultation of bruits) and a noninvasive assessment, in-
cluding pulse volume recordings and ankle systolic pressure
measurements for calculation of the ankle-brachial index
(ABI) at rest. The severity of PAD was classified according
to Fontaine stage II (claudication) or stage III (critical limb
ischemia with persistently recurrent pain requiring regular
Table I. Clinical and biochemical characteristics of patien
PAD (n  31)
Age, years 69 (58-75.5)
Gender (male) 18 (58%)
BMI, kg/m2 25.99 (23.83-28
Smokers 22 (70.9%)
Pack years, y 27.5 (0-40)
Diabetes mellitus 12 (38.7%)
Blood glucose, mmol/L 5.5 (5.07-6.4)
Arterial hypertension 22 (70.9%)
Systolic BP, mm Hg 142.5 (132.5-16
Diastolic BP, mm Hg 90 (80-90)
Hypercholesterolemia 19 (61.29%)
Total cholesterol, mmol/L 5.9 (5.17-6.5)
LDL cholesterol, mmol/L 4.03 (3.41-4.69
HDL cholesterol, mmol/L 1.39 (1.24-1.54
Triglycerides, mmol/L 1.73 (1.16-2.38
Coronary heart disease 11 (35.48%)
History of ischemic stroke or TIA 5 (16.1%)
Aspirin 24 (77%)
Clopidogrel 7 (22.5%)
Statin 11 (35%)
Coumarin 7 (22.5%)
PAD, Peripheral arterial disease; AAA, abdominal aortic aneurysm; BM
high-density lipoprotein; TIA, transient ischemic attack.
*Data are given as medians (interquartile ranges) for continuous variables aanalgesia for 2 weeks). Lesion morphology was docu-mented by duplex sonography scans or angiography. In
patients with AAA, the maximal aneurysm diameter was
recorded as given by computed tomography scan.
Carotid artery ultrasound scanning. The carotid ar-
teries were evaluated with high-resolution B-mode ultra-
sonography (Acuson XP 128, Siemens Medical Solutions
USA, Inc, Malvern, Penn) using a 7.5 MHz linear trans-
ducer. Patients were investigated in a supine position with
the neck extended and the head slightly turned away from
the side being examined. Initially, the carotid arteries were
carefully scanned to detect plaques and stenoses. The IMT
of the CCA was defined as the mean of a total of 24
measurements of the near and far wall on both the left and
right sides recorded from anterolateral, mediolateral, and
posterolateral positions. Longitudinal enlarged images of
the CCA that showed the intima-media boundaries most
clearly were frozen, electrocardiographically triggered (on
Fig 1. Wall shear stress (WSS) in the common carotid artery of
patients with abdominal aortic aneurysm (AAA), peripheral arte-
rial disease (PAD), and of healthy controls. Boxes show the 10th,
25th, 50th (median), 75th, and 90th percentiles; outliers show all
h PAD and AAA
AAA (n  36)* P
73.5 (65-78.5) .2315
30 (83%) .0221
26.23 (23.28-28.56) .7820
30 (83.3%) .2260
36 (7.75-50) .3149
4 (11.1%) .0082
5.65 (5.2-6.1) .8721
31 (86.1%) .1285
140 (130-155) .3725
85 (80-90) .3896
21 (58.3%) .8057
4.8 (4.4-5.1) .0022
2.97 (2.61-3.74) .0118
1.24 (1.11-1.51) .3402
1.54 (1.11-2.04) .5821
21 (58.3%) .0619
5 (13.88%) .7975
31 (86%) .5243
0 (0%) .0030
17 (47%) .4567
6 (17%) .5551
y mass index; BP, blood pressure; LDL, low-density lipoprotein; HDL,
unts (percentages) for categoric variables.ts wit
*
.52)
0)
)
)
)
I, bodobservations90th and10th percentile. *P .0001 vs controls.
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Measurements were done by manual cursor placement by
the ultrasonographer. Two measurements were done from
the far and the near wall in each of the three directions,
giving a maximum of 12 measurements from each side. In
case of missing data, the mean IMT of the available values
was calculated.
Methods of measurements and quality control have
been published previously.19-20 All measurements were
done by the same experienced investigator. Our coefficient
of variation for IMTmeasurements was 3% 0.4%. Further
measurements included the internal diameter of the CCA,
which was defined as the distance between the near wall
intima-lumen interface to the far wall lumen-intima inter-
face. The mean of six measurements (two in each direction)
per side was calculated. Peak systolic velocity (PSV) and
mean velocity (MV) of the CCAwere determined using the
smallest possible sample volume placed in the center of the
vessel, keeping the angle between the ultrasound beam and
the longitudinal vessel axis between 45° and 59°. Plaques
were defined as localized thickening 1.3 mm.
Rheologic measurements and calculation of wall
shear stress. Blood was drawn from the antecubital vein
without venous occlusion for determination of the variables
of fibrinogen, plasma viscosity, red cell aggregation, whole
blood viscosity, hematocrit, leucocyte and platelet count,
blood glucose, total cholesterol, high-density (HDL) and
low-density lipoprotein (LDL) cholesterol, and triglycer-
ides.
Citrated plasma was used for the determination of
plasma fibrinogen with the Clauss method. Plasma viscosity
was determined in ethylenediaminetetraacetic acid
(EDTA) plasma using a viscometer of the capillary type at
25°C (Processer viscosity system, PVS 1, Lauda, Germany).
Red cell aggregation in EDTA blood was determined at a
Table II. Wall shear stress, hemodynamic, morphologic a
PAD* (n  31)
WSS, systolic (dyne/cm2) 14.36 (10.5-19.6)†
WSS, mean (dyne/cm2) 7.40 (4.40-8.84)
V, peak systolic (m/s)
Right 0.61 (0.51-0.74)
Left 0.64 (0.54-0.85)
V, mean (m/s) 0.23 (0.2-0.34)
Internal diameter (mm) 6.8 (6.2-7.3)†
IMT (mm) 0.9 (0.86-0.97)
Fibrinogen (mg/dl) 405 (330-439)
Plasma viscosity (mPa.s) 1.75 (1.64-1.82)
Red cell aggregation (a.u.) 50.5 (42.4-57.2)
Whole blood viscosity (mPa.s) 3.9 (3.57-4.17)†
Hematocrit (%) 39.5 (36.6-41.5)
Platelets (103/l) 214 (176-252)
Leukocytes (103/l) 8.27 (6.5-8.89)‡
PAD, Peripheral arterial disease;AAA, abdominal aortic aneurysm;WSS,wal
a.u., arbitrary units.
*Data are given as medians (interquartile ranges).
†P .05 vs. patients with AAA.
‡P .01 vs. patients with AAA.low shear rate (3/s) with a photometric rheoscope (MA1-Aggregometer, Myrenne, Roetgen, Germany). Whole
blood viscosity was measured in EDTA plasma using a
rotational viscometer (Contraves LS 30, Contraves, Swit-
zerland) at a high shear rate (94.5/s) at 37°C. All blood cell
counts were assessed by using a semi-automated Sysmex
K-1000 hematology analyzer (Toa Medical Electronics,
Kobe, Japan). Blood glucose, total cholesterol, HDL and
LDL cholesterol, and triglycerides were determined by
using established standard laboratory methods.
Calculation of wall shear stress. Peak and meanWSS
(dynes/cm2) were calculated as 4 blood viscosity (Poise)
 blood velocity (cm/sec)/internal diameter (cm) as pre-
viously described.21 For calculation, blood velocity values
from the right side were taken (values from the left side
showed similar results).
Healthy controls. Thirty-seven healthy subjects (23
men, 14 women) with a median age of 47 years (IRQ 43 to
55) years and a median BMI of 23.9 (IRQ 21.9 to 26)
served as controls. None had a history of atherosclerotic
disease or any other serious disease. None of them took any
medication. On clinical examination, none of them showed
signs of atherosclerotic or any other disease, and results of
routine laboratory investigations were normal.
Statistical analysis. Statistical analysis was performed
with StatView 5.0 software (SAS, Inc, Cary, NC). Contin-
uous variables were summarized with median and inter-
quartile ranges, and categoric variables as count and per-
centage. Comparison of controls and patients, and
comparison of both patient groups (PAD and AAA) with
respect to clinical and laboratory characteristics, potential
risk factors, and current medication were done with the
Mann-Whitney test for continuous quantities and the 2
test for categoric ones. For comparison of more than two
groups, the Kruskal-Wallis test was applied for continuous
eological characteristics of studied subjects
AAA* (n  36) Controls* (n  37) P
.12 (9.09-15.14) 20.60 (17.4-24.1) .0001
.10 (3.59-7.85) 10.84 (7.5-12.4) .0001
.64 (0.48-0.78) 0.78 (0.69-0.94) .0001
.62 (0.52-0.69) 0.86 (0.77-0.92) .0001
.29 (0.22-0.38) 0.39 (0.31-0.51) .0003
7.4 (6.9-8.3) 5.85 (5.4-6.4) .0001
.87 (0.79-0.95) 0.63 (0.57-0.68) .0001
380 (322-420) 295 (264-322) .0001
.72 (1.65-1.76) 1.6 (1.53-1.66) .0001
0.6 (45.2-57.4) 41.6 (34-46.3) .0001
.65 (3.35-3.9) 3.47 (3.31-3.71) .0007
8.1 (34.4-39.7) 37.8 (35.2-39.12) .1226
209 (179-242) 219 (187.5-263) .5486
6.1 (5.12-7.65) 5.2 (4.52-6.02) .0001
stress;V, velocity; IMT, intima-media-thickness;mPa.s,milliPascal seconds;nd rh
12
6
0
0
0
0
1
5
3
3
l shearvariables and the 2 test for categoric variables.
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controls and patients, and as most of the response variables,
such as WSS, are age-dependent, comparison of controls
and patients with respect to the response variables were
done by using multiple regression with age and a factor
group (an indicator whether a subject is control or patient)
as explanatory variables. There, a significant outcome for
the factor group indicated that controls and patients dif-
fered significantly from each other when the influence (the
effect) of age was taken into account (was removed). As-
sessment of the relationships between WSS and other con-
tinuous quantities (using all subjects) were done by using
simple linear regression and the Pearson correlation. We
also looked for a multiple regression model for predicting
WSS using backward elimination. The candidate predictors
considered were red cell aggregation, plasma viscosity,
fibrinogen, leukocytes, triglycerides, HDL cholesterol,
IMT, presence/absence of plaque, smoking, hypertension,
age, and a factor control/patient. P  .05 was considered
as statistically significant.
RESULTS
The cohort comprised 31 consecutive patients with
symptomatic PAD and 36 with AAA. Clinical and labora-
tory characteristics, distribution of risk factors, and current
Fig 2. Wall shear stress (WSS) in relation to red cell ag
Arbitrary units; mPa.s, milliPascal seconds.medication are shown in Table I.Men were more frequent in the AAA group than in the
PAD group, diabetic patients were more frequent in the
PAD patients. Total cholesterol and LDL cholesterol were
higher in the PAD group. Thirty of the PAD patients were
in clinical stage II, and one was in stage III. The median
ABI at rest in patients with PAD was 0.81 (IQR, 0.68 to
1.0). Thirteen patients had stenoses, and 18 had occlusions
of the iliac or the superficial femoral artery, respectively.
The median lesion length was 5 cm (IQR, 2 to 10 cm). The
median diameter of the abdominal aorta in patients with
AAA was 6.0 cm (IQR 5.25-6.6 cm). The ABI in this
patient group was 1.06 (IQR, 0.95 to 1.23).
Wall shear stress in patients and controls. WSS was
lower in patients with PAD or AAA compared with controls
(Kruskal-Wallis test, P  .0001). WSS was also lower in
patients with AAA than in those with PAD (Mann-Whitney
test, P  .03) (Fig 1, Table II). Differences of WSS between
patients and controls remained significant when using mul-
tiple regression with age and a factor group control/patient
(P  .01 for age, P  .002 for the factor group).
Wall shear stress and rheologic variables. Red cell
aggregation, plasma viscosity, whole blood viscosity, fibrin-
ogen, and leukocytes were higher in patients than in con-
trols (Table II). When multiple regression was used to
adjust for age, differences between patients and controls
ation, plasma viscosity, leukocytes and fibrinogen. a.u.,gregwith respect to these variables remained significant (red cell
JOURNAL OF VASCULAR SURGERY
January 200660 Spring et alaggregation, P .84 for age, P .0007 for group; plasma
viscosity, P  .01 for age, P  .0001 for group; whole
blood viscosity, P  .61 for age, P  .01 for group;
fibrinogen, P  .59 for age, P  .0006 for group; leuko-
cytes, P  .06 for age, P  .0001 for group).
Within patients, blood viscosity and leukocyte count
were higher in the PAD group than in patients with aneu-
rysmal disease. WSS was inversely related to leucocyte
count (r0.33, P .0016), fibrinogen (r0.30, P
.0030), red cell aggregation (r  0.25, P  .01), and
plasma viscosity (r  0.22, P  .04) (Fig 2).
Wall shear stress and vascular risk factors. WSS was
lower in smokers than in nonsmokers (14.6 [11 to 19)]
dynes/cm2 vs 19 [13 to 23] dynes/cm2 ; P  .02) and
lower in hypertensive patients than in normotensives
(13.5 [10 to 16] dynes/cm2 vs 19.6 [14-24] dynes/cm2 ;
P  .0001). WSS was inversely related to the intensity of
smoking (pack-years) (r  0.36, P  .0006), triglyc-
erides (r 0.30, P  .0067), and age (r 0.51, P 
.0001), but positively related to HDL (r  0.32, P 
.0054) (Fig 3).
Wall shear stress, morphologic, and hemodynamic
variables. Patients had higher IMT and internal diameter
of the CCA but lower values for peak systolic and mean
velocity than controls (Table II). These differences re-
mained significant when multiple regression was used to
Fig 3. Wall shear stress (WSS) in relation to age, pa
cholesterol.adjust for age (IMT, P  .003 for age, P  .0001 for thefactor group; internal diameter, P  .17 for age, P  .002
for group; peak systolic velocity, P .06 for age, P .0005
for group). Comparing the two patient groups, the internal
diameter of the CCA was higher in the AAA group than in
the PAD group (Table II). WSS was inversely related to
IMT (r  0.53, P  .0001) (Fig 4). IMT was, further-
more, directly related to the internal diameter of the CCA
(r  0.557, P  .0001), and inversely related to peak
systolic (r  0.43, P  .0001) and mean velocity (r 
0.43, P  .00001) (Fig 5). WSS was lower in patients
with plaques than without plaques (13.2 [9.8 to 16.3]
dynes/cm2vs 16.5 [12.6-21.4] dynes/cm2; P  .01).
Intima-media thickness and rheologic variables.
We found a positive correlation between IMT and blood
viscosity (r 0.42, P .0001), plasma viscosity (r 0.30,
P  .0023), red cell aggregation (r  0.34, P  .0003),
fibrinogen (r  0.38, P  .0001), and leukocytes (r 
0.42, P  .0001). The internal diameter of the CCA was
positively related to plasma viscosity (r 0.29, P .0045),
red cell aggregation (r  0.25, P  .013), fibrinogen (r 
0.39, P  .0001) and leukocytes (r  0.32, P  .0009).
When the influence of the various predictors were
simultaneously taken into account in a multiple regression
model, only age (P .0001), triglycerides (P .003), and
smoking (P  .005) remained significantly associated with
rs, triglycerides, and high-density lipoprotein (HDL)ck-yeaWSS (Table III).
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female, 12.6 [10.4 to 16] vs 13.5 [9.3 to 19], P  .77;
controls: 20 [16.7 to 24.4] vs 21.1 [18 to 24], P  .67).
DISCUSSION
In this study, we found that WSS is decreased in the
CCA of patients with symptomatic PAD and in patients
with aneurysmal disease compared with healthy subjects.
We also found that rheologic variables do not play a major
role for predicting WSS compared with the common risk
factors of age, smoking, and triglycerides.
Although atherosclerosis is a systemic disease, local
Fig 4. Wall shear stress (WSS) in relation to intima-media thick-
ness (IMT).hemodynamic factors such as WSS participate in the patho-physiology of the atherosclerotic process.1 Endothelial cells
exhibit an atheroprotective phenotype with long-term ex-
posure to high levels of WSS.22 Low levels of WSS have
previously been demonstrated to be associated with an
increased IMT and plaque formation within the CCA both
in healthy subjects21 and in those classified at low-risk for
the development of coronary artery disease.10 Data on WSS
obtained in patients with symptomatic PAD or AAA have
not been available so far. To our knowledge, we are now the
first to describe decreased WSS of the CCA in these two
distinct subsets of patients with apparent manifestations of
arterial disease, namely those with atherosclerosis of periph-
eral arteries (PAD) and those with AAA, known to have a
high coincidence with atherosclerosis.17-18
As expected, blood viscosity and rheologic variables
Fig 5. Intima-media thickness (IMT) in relation to internal di-
ameter and peak systolic velocity of the common carotid artery.
Table III. Results of multiple linear regression analyses
(stepwise backward)*
Variable Coefficient SE P
Age 0.20 0.04 .0001
Triglycerides 2.02 0.67 .0037
Smoking 3.65 1.26 .0050
*Dependent variable: wall shear stresswere increased in PAD patients and in AAA patients com-
JOURNAL OF VASCULAR SURGERY
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terminants of blood viscosity, which in turn is used in the
formula for the calculation of WSS in the numerator, we
expected these variables to exert a major influence on WSS.
At first glance surprisingly, we found that WSS was in-
versely related to red cell aggregation, plasma viscosity,
fibrinogen, and to leukocyte count. That WSS was de-
creased in both patient groups, despite the increase in
blood viscosity and in the rheologic variables, can be ex-
plained by our hemodynamic and morphologic findings in
the CCA of an increase in the internal diameter and a
decrease in blood velocity with increasing rheologic vari-
ables and increasing IMT. As blood velocity and vessel
diameter are the other determinants of WSS, structural and
functional alterations in the CCA ultimately lead to the
observed decrease in WSS.
The relationship between WSS and vessel diameter is
not yet entirely clear. Both increased vascular wall diame-
ters23 to restore WSS to baseline, and decreases in the
internal diameter of the CCA to maintain constant WSS,
and no association between WSS and vessel diameter24
have previously been described. These differences may
partly be explained by vascular bed heterogeneity. Data
from pathoanatomic studies, however, suggest that adap-
tive and compensatory increases in artery size occur in an
early stage of atherosclerosis, indicated by an increase in
IMT.10 Further, it has been shown in a large epidemiologic
study that increased IMT and atherosclerotic plaques in the
CCA are accompanied by an increase in lumen diameter,
probably indicating a compensatory mechanism.25
Vascular remodelling (increase in internal diameter to-
gether with an increase in IMT) may be a compensatory
mechanism to maintain vessel integrity of the CCA. A
compensatory increase in IMT of the CCA has previously
been suggested in relation to increased systolic blood pres-
sure.26 The relationship between lower WSS and larger
IMT in apparently healthy volunteers has also previously
been described.27 This can partly be explained by mor-
phologic changes of endothelial cells at the site of low
WSS.28
Considering the relationship between WSS and com-
mon vascular risk factors, we found that age, smoking,
triglycerides (all inversely), and HDL cholesterol (posi-
tively) were related to WSS. This has previously been found
in patients with risk factors but without apparent manifes-
tations of arterial disease.6 Accumulation of risk factors
causes alteration of mechanical forces, particularly low
WSS, independently of carotid atherosclerosis.29 In the
multivariate analysis, only age, smoking, and triglycer-
ides— but not rheologic variables—remained significantly
associated with WSS. One may therefore conclude that
(positive) vascular remodelling, as morphologically dem-
onstrated as a significant increase in vessel diameter, and
common risk factors are more important in the pathophys-
iologic cascade determining WSS than are blood viscosity
and rheologic variables.
Mechanisms by which risk factors lead to arterial disease
are only partially understood to date. More studies areneeded to understand the effects of WSS on the vessel wall
in patients with PAD and AAA. These effects may also
possibly differ between those patient groups (as may the
underlying pathophysiology differ, at least in part). Analysis
of WSS, being part of the hemodynamic processes leading
to vascular remodelling, may be one important approach to
understand its underlying mechanisms.
A limitation of our study is that it was done in rather
small patient populations. However, the differences we
found between patients and controls were highly signifi-
cant.
CONCLUSION
Taken together, we found that WSS of the CCA is
decreased in patients with symptomatic PAD and aneurys-
mal disease, although blood viscosity and rheologic vari-
ables are increased in these patient groups. This can be
explained by the structural and functional changes (ie,
increase in internal diameter and decrease in blood velocity)
found in the CCA of these patients. Rheologic variables are
less important in predicting WSS than common vascular
risk factors. Our findings may help to establish low WSS as
a novel determinant in the risk profile of patients with PAD
and those with AAA.
AUTHOR CONTRIBUTIONS
Conception and design: RK, EK, BvL
Analysis and interpretation: RK, SS, BvL
Data collection: EK, SS, BA, VR
Writing the article: RK, SS, BvL
Critical revision of the article: RK, SS, BvL, VR, BA, EK
Final approval of the article: SS, BvL, EK, BA, VR, RK
Statistical analysis: VR, RK
Obtained funding: RK, EK
Overall responsibility: RK
REFERENCES
1. Asakura T, Karino T. Flow patterns and spatial distribution of athero-
sclerotic lesions in human coronary arteries. Circ Res 1990;66:1045-66.
2. Chien S, Li S, Shyy JY-J. Effects of mechanical forces on signal trans-
duction and gene expression in endothelial cells. Hypertension 1998;
31:162-9.
3. Irace C, Carallo C, Crescenzo A, Motti C, De Franceschi MS, Mattioli
PL, et al. NIDDM is associated with lower wall shear stress of the
common carotid artery. Diabetes 1999;48:193-7.
4. Jiang Y, Kohara K, Hiwada K. Low wall shear stress contributes to
atherosclerosis of the carotid artery in hypertensive patients. Hypertens
Res 1999;22:203-7.
5. Carallo C, Irace C, Pujia A, De Franceschi MS, Crescenzo A, Motti C,
et al. Evaluation of common carotid hemodynamic forces Relations with
wall thickening. Hypertension 1999;34:217-21.
6. Irace C, Cortese C, Fiaschi E, Carallo C, Farinaro E, Gnasso A. Wall
shear stress is associated with Intima-media thickness and carotid ath-
erosclerosis in subjects at low coronary heart disease risk. Stroke 2004;
35:464-8.
7. Bots ML, Hofman A, Grobbee DE. Increased common carotid intima
media thickness. Adaptive response or a reflection of atherosclerosis?
Findings from the Rotterdam Study. Stroke 1997;28:2442-7.
8. Ebrahim S, Papacosta O, Whincup P, Wannamethee G, Walker M,
Nicolaides AN, et al. Carotid plaque, intima media thickness, cardiovas-
cular risk factors, and prevalent cardiovascular disease in men and
women: the British Regional Heart Study. Stroke 1999;30:841-50.
JOURNAL OF VASCULAR SURGERY
Volume 43, Number 1 Invited Commentary 639. Bots ML, Hoes AW, Hofman A, Witteman JC, Grobbee DE. Cross-
sectionally assessed carotid intima-media thickness relates to long-term
risk of stroke, coronary heart disease and death as estimated by available
risk functions. J Intern Med 1999;245:269-76.
10. O’Leary DH, Polak JF, Kronmal RA, Manolio TA, Burke GL, Wolfson
SK. Carotid-artery intima and media thickness as a risk factor for
myocardial infarction and stroke in older adults. Cardiovaskular Health
Study Collaborative Research Group (see comments). N Engl J Med
1999;340:14-22.
11. Bots ML, Hofman A, Grobbee DE. Common carotid intima-media
thickness and lower extremity arterial atherosclerosis. The Rotterdam
Study. Arterioscler Thromb 1994;14:1885-91.
12. Allan PL, Mowbray PI, Lee AJ, Fowkes FG. Relationship between
carotid intima media thickness and symptomatic and asymptomatic
peripheral arterial disease. The Edinburgh Artery Study. Stroke 1997;
28:348-53.
13. Simons PCG, Algra A, Bots ML, Banga JD, Grobbee DE, van der Graaf
Y, the SMART Study Group. Common carotid intima-media thickness
in patients with peripheral arterial disease or abdominal aortic aneu-
rysm: the SMART study. Atherosclerosis 1999;146:243-8.
14. Xu C, Zarins CK, Glagov S. Aneurysmal and occlusive atherosclerosis of
the human abdominal aorta. J Vasc Surg 2001;33:91-6.
15. Lowe GD, Fowkes FG, Dawes J, Donnan PT, Lennie SE, Housley E.
Blood viscosity, fibrinogen, and activation of coagulation and leuko-
cytes in peripheral arterial disease and the normal population in the
Edinburgh Artery Study. Circulation 1993;87:1915-20.
16. Lee AJ, Mowbray PI, Lowe GD, Rumley A, Fowkes FG, Allan PL.
Blood viscosity and elevated carotid intima-media thickness in men and
women: the Edinburgh Artery Study. Circulation 1998;97:1467-73.
17. Levenson J, Gariepy J, Del-Pino M, Salomon J, Denarie N, Simon A.
Association of plasma viscosity and carotid thickening in a French
working cohort. Am J Hypertens 2000;13:753-8.
18. Kensey KR. The mechanistic relationship between hemorheological
characteristics and cardiovascular disease. Curr Med Res 2003;19:587-
96.
19. O’Leary DH, Polak JF,Wolfson SK Jr, BondMG, BommerW, Sheth S,
et al. Use of sonography to evaluate carotid atherosclerosis in the
Hence, the potential relevance of WSS, which in the report byelderly. The Cardiovascular Health Study. CHS Collaborative Research
Group. Stroke 1991;22:1155-63.
20. Kanters SDJM, Algra A, van Leeuwen MS, Banga JD. Reproducibility
of in vivo carotid intima-media thickness measurements: a review.
Stroke 1997;28:665-71.
21. Gnasso A, Carallo C, Irace C, Spagnuolo V, de Novara G, Mattioli PL,
et al. Association between intima-media thickness and wall shear stress
in common carotid arteries in healthy male subjects. Circulation 1996;
94:3257-62.
22. Traub O, Berk BC. Laminar shear stress: mechanisms by which endo-
thelial cells transduce an atheroprotective force. Arterioscler Thromb
Vasc Biol 1998;18: 677-85.
23. Lehoux S, Tronc F, Tedgui A. Mechanisms of blood flow-induced
vascular enlargement. Biorheology 2002;39:319-324.
24. Gnasso A, Carallo C, Irace C, De Franceschi MS, Mattioli PL, Motti C,
et al. Association between wall shear stress and flow-mediated vasodila-
tion in healthy men. Atherosclerosis 2001;156:171-6.
25. Bonithou–Kopp C, Touboul PJ, Berr C, Magne C, Ducimetriere P.
Factors of carotid arterial enlargement in a population aged 59 to 71
years: The EVA study. Stroke 1996;27:654-60.
26. Polak JF, Kronmal RA, Tell GS, O’Leary DH, Savage PJ, Gardin JM, et
al, on behalf of the Cardiovascular Health Study. Compensatory in-
crease in common carotid artery diameter: relation to blood pressure
and artery intima-media thickness in older adults. Stroke 1996;27:
2012-15.
27. Kornet L, Lambregts J, Hoeks APG, Reneman RS. Differences in
near-wall shear rate in the carotid artery within subjects are associated
with different intima-media thicknesses. Arterioscler Thromb Vasc Biol
1998;18:1877-84.
28. Levesque MJ, Nerem RM. The elongation and orientation of cultured
endothelial cells in response to shear stress. J Biomech Eng 1985;107:
341-7.
29. Jiang Y, Kohara K, Hiwada K. Association between risk factors for
atherosclerosis and mechanical forces in carotid artery. Stroke 2000;31:
2319-24.Submitted Jun 10, 2005; accepted Sep 26, 2005.INVITED COMMENTARYWilliam R. Hiatt, MD Denver, Colo
The article by Spring et al, “Decreased wall shear stress in the
common carotid artery in patients with peripheral arterial disease
or abdominal aortic aneurysm: Relation to blood rheology, vascu-
lar risk factors, and intima-media thickness,” assesses the utility of
blood flow velocity and diameter measurements in the common
carotid artery to calculate wall sheer stress (WSS) and then relates
WSS to other risk factors for peripheral arterial disease and abdom-
inal aortic aneurysms. WSS may mediate endothelial function, and
decreases in wall shear stress have been observed in patients with
cardiovascular risk factors. The findings of this study indicate that
traditional risk factors, rather than rheologic measures, better
predict reduced WSS in patients with vascular disease.
There has been great interest in evaluating early markers of
atherosclerosis as predictors of vascular disease and future cardio-
vascular events. The context is that traditional risk factors such as
smoking, diabetes, hyperlipidemia, and hypertension predict
much—but not all—of the future risk of cardiovascular events.
Particularly in intermediate-risk populations, other markers such as
C-reactive protein, carotid intima-media thickness, coronary cal-
cium scores, and the ankle-brachial index can further risk stratify
patients, as these markers identify early or occult atherosclerosis.Spring et al was associated with peripheral arterial occlusive disease
and abdominal aortic aneurysms.
Clearly further work is indicated before any of these new
measures, including WSS, can be routinely incorporated into clin-
ical practice.WhetherWSSwould ever become a new risk factor for
occult cardiovascular disease has yet to be determined. Further, the
measurements are not trivial and require not just assessments of
carotid diameter but also flow velocity, and then calculations of
shear stress, which is derived from the primary measurements.
Limitations of the current report include not just those methodol-
ogies but also the uncertainty of whether changes in WSS simply
reflect the underlying atherosclerosis and risk factors, or indeed
could be causative in inducing early disease. Once again, the
clinical utility of these measurements has not been determined.
In conclusion, clinicians should be aware of a variety of mark-
ers of atherosclerotic disease that ultimately may help in clinical
decision making around aggressive risk factor modification, use of
antithrombotic agents, and aggressive interrogation of patients for
occult disease. Some of these markers have surfaced as showing
clinical utility, such as ultra sensitive CRP measurements and
screening populations with the ankle-brachial index. Wall shear
stress and other markers have not yet achieved that level of clinical
utility.
